Abstract.-We examined the behaviors and reproductive characteristics of 4 Eared Grebe (Podiceps nigricollis) colonies located at the Malheur National Wildlife Refuge in eastern Oregon that varied in nesting density. In 1993, we studied 2 colonies found on 2 different lakes, whereas in 1994 we conducted a within-lake comparison of 2 subcolonies. During both years, nearest neighbor distances differed significantly between the colonies investigated. Breeding pairs were significantly more aggressive at those colonies with smaller distances among nests. Within each year, there was a greater rate of intraspecific brood parasitism and egg loss at the higher density colony. Infanticide occurred at high rates when nests were very densely packed, whereas a relatively high rate of predation by American Coots (Fulica americana) resulted when nests were quite dispersed. Thus, in spite of the distinct breeding characteristics of Eared Grebes, many disadvantages associated with nesting density in seabirds also have an impact on these colonially breeding waterbirds. 
Although colonial breeding affords some selective advantages over solitary breeding, research has demonstrated a suite of disadvantages associated with the close associations of breeding pairs inherent to coloniality (cf. Wittenberger and Hunt 1985) . Distances among nests and other density characteristics of colonies are known to be related to the frequency of infanticide (Ewald et al. 1980 , Pierotti 1982 , Marin et al. 1995 , intraspecific brood parasitism (Brown 1984) , predation (Anderson and Hodum 1993, Oro 1996) , transmission of ectoparasites (Duffy 1983, Brown and Brown 1996) , and conspecific interference and egg loss (Brouwer and Spaans 1994, Temeles 1994 ). As a result there is often an inverse relationship between nest density and reproductive success Hunt 1976, Pierotti 1987 ). However, some researchers have noted no effects of density on the reproductive success of colonial waterbirds (e.g., Hagan and Walters 1990, Murphy et al. 1992 , Jehl 1994 .
Much of the research on the effects of nesting density has been conducted on seabirds, in particular the Laridae. An examination of the importance of nest-density effects to the costs of coloniality in other waterbirds seems warranted. This is especially important because, given that coloniality evolved independently in different lineages (SiegelCausey and Kharitonov 1990), distinct selection pressures may operate among unrelated groups of birds. For example, coloniality occurs in a number of species from the Podicipedidae, but the impact of nesting density to their breeding patterns has been neglected. The colonial Eared Grebe (Podiceps nigricollis) is a good candidate for examining the effects of nesting density on reproductive success because they are known to build nests which can be densely packed or dispersed at great distances (Boe 1994) . In addition, Eared Grebes have a number of breeding characteristics that differ from those of colonial Laridae. For example, when away from their nests, grebes often cover their eggs with sodden nesting material which may decrease predation (Burger 1984 , Ulfvens 1989 ; their young are precocial; and parents with young leave the colony site as soon as their eggs have hatched. These characteristics may result in Eared Grebes being less influenced by factors associated with nest density than are other colonial waterbirds that have minimal nesting cover and longer post-hatch exposure of their altricial chicks to interference from conspecifics.
The present study compared the behaviors and reproductive outcomes among 470 Eared Grebe colonies that varied in nesting density. In 1993, we examined 2 colonies located on different lakes that varied in nearest neighbor distances. Because many ecological factors besides nesting distance can differ between colonies on separate lakes (Jehl 1974 ), we conducted a withinlake comparison in 1994 and studied 2 subcolonies that differed in nesting distance.
METHODS

Study Site
Fieldwork was conducted at the Malheur National Wildlife Refuge in eastern Oregon (43?52'N, 118?52'W). For a detailed description of the study site see Littlefield (1990) . In 1993, we studied colonies on Boca Lake and on Malheur Lake. We examined 2 subcolonies on Knox Pond during 1994. Nests were built primarily in goosefoot (Chenopodium rubrum) at Malheur Lake and in hardstem bulrush (Scirpus acutus) on Boca Lake and Knox Pond.
Nest Characteristics
Once all active nests were found we measured the distance to the closest neighbor to the nearest 0.01 m. This distance was assessed from the center of the focal nest to the center of the nearest nest. In 1994, to index further the spatial distribution of nests, the distance to the second nearest neighbor was also measured.
Nests were checked every other day in 1993 and were checked daily in 1994. A small piece of masking tape with the nest number written on it was taped unobtrusively to vegetation near each nest. Eggs were marked with a waterproof marker to indicate laying sequence. Newly laid grebe eggs are identified easily by their lightblue color; within a day of laying they typically stain brown, the color of the nesting material. The length and width of eggs were measured using vernier calipers. These dimensions were averaged across all eggs in a clutch and were used to determine the average egg volume of the nest using Hoyt's (1979) equation: V = 0.000507 * (LB2).
Single egg losses prior to hatching, such as eggs with small peck marks or eggs floating near a nest, were presumed to be due to conspecific competition. Predation was determined to have occurred when all eggs were missing prior to expected hatch date or their partially eaten remains were found. Infanticide was documented by locating dead chicks showing evidence of alloparental killing (Marin et aL 1995) . Intraspecific brood parasitism was noted when either of the following occurred: l)more than one egg was laid per day, or 2)a new egg appeared in a nest after a delay in egg-laying of more than 3 days (Lyon and Everding 1996) . When a nest was determined to have an additional egg due to brood parasitism, the parasitic egg was not included in egg volume analyses for that particular nest. Nesting success was measured by the number of eggs surviving to hatch. During the middle of the breeding season at the Malheur Lake colony, 8 nests were destroyed by high winds. Because these nest failures were associated with the flimsy nesting substrate available at Malheur Lake (goosefoot) and were not identified with density dependent factors, these nests were not included in the calculation of egg survival for this colony.
Behavioral Observations
Grebe colonies were observed daily from a floating blind (Nuechterlein 1982 
Nearest-neighbor Distances
Nearest neighbor distances differed significantly between the 2 colonies studied in 1993 (t123 = 11.1, P < 0.01): nests were significantly closer at the Boca Lake colony than at the Malheur Lake colony (Table 1) . Indeed, it was not unusual for the rims of nests to be touching one another at the Boca Lake colony. The 2 subcolonies studied in 1994 on Knox Pond also differed significantly in nearest neighbor distances (t72 = 3.23, P < 0.01); the low-density subcolony had nesting distances nearly 2 and a half times that of the high-density subcolony. Similar spatial distributions were also noted when second nearest neighbor distances were compared. The distance to the second nearest neighbor was significantly greater (t72 = 4.73, P < 0.001) at the low-density subcolony on Knox Pond (X = 4.73, SD = 3.75) than at the high-density subcolony (X = 1.76, SD = 0.53).
Aggressive Behavior
The rate of aggression differed significantly between the Boca Lake and Malheur Lake colonies (t66 = 3.45, P < 0.01) and between the low-density subcolony and the high-density subcolony at Knox Pond (t207 = 5.42, P < 0.001). During both years, grebes at the colony with the smaller nearest neighbor distance had the higher rate of aggression (Fig. 1) . Similarly, the percentage of time breeding birds spent in aggression differed significantly between colonies within years as a function of nesting distance (1993: t166 = 3.72, P < 0.01; 1994: t207 = 4.57, P < 0.01). As shown in Fig. 2 , a greater proportion of time was spent engaged in aggression with conspecifics at those colonies characterized by smaller nearest neighbor distances.
Nesting Characteristics and Consequences
Clutch size (Table 1) was significantly larger at the dense Boca Lake colony than at the Malheur Lake colony (t107 = 4.43, P < 0.001). There was no difference in clutch size between the 2 subcolonies at Knox Pond. Egg volume did not differ between colonies in either of the 2 years (Table 1) .
There was a greater frequency of egg loss due to conspecific interference at the densely-packed Boca Lake colony than at the colony on Malheur Lake (Table 2) . Similarly, egg loss due to conspecifics was more frequent at the high-density subcolony on Knox Pond than at the low-density subcolony. In spite of the more frequent egg loss at Boca Lake, breeding pairs in this colony had a significantly greater mean number of eggs survive to hatch (Table 1: t22 = 6.92, P < 0.001).
Intraspecific brood parasitism was more common at the higher-density colony each year (Table 2 ). Most incidences of brood parasitism (14 of 21) were identified following clutch completion. Parasitic eggs appeared an average of 9.14 days following prior termination of egg laying (range 4-19 days). Of all parasitized nests, 3 contained 2 parasitic eggs; the other 18 nests had only 1.
Infanticide was infrequent at Malheur Lake in that only 1 chick was killed by conspecifics (Table 2) . However, at the Boca Lake colony, 34 cases of infanticide were documented. We witnessed a number of these, and they typically occurred when a parent bird stood upright to roll its eggs while supporting a newly-hatched chick on its back. Because neighbors at the Boca Lake colony were able to reach easily into the nests of neighbors, parents frequently had to roll their eggs while actively defending the nest against attack from surrounding breeding pairs. In the midst of this, the young hatchling might fall off and then be subject to assault by adjacent birds. Because grebe chicks are mobile, it was difficult to assign dead chicks unequivocally to specific nests unless we had actually observed the attack. If one were to assume that each chick came from a different nest, then 36.6% of breeding pairs at the Boca Lake colony experienced infanticide. If pairs of chicks estimate of the frequency of infanticide at the Boca Lake colony, which is still substantially greater than the frequency observed at the Malheur Lake colony. No chick deaths due to infanticide were observed at either of the Knox Pond subcolonies.
Predation Rates
Predation rates (Table 2) idenced at the low-density subcolony on Knox Pond where 9 nests were taken by predators. The other colonies each lost a single nest to predators. The most likely predator was the American Coot (Fulica americana): on separate occasions we witnessed coots eating all the eggs contained in 2 active Eared Grebe nests.
DISCUSSION
The present study documented a number of costs of colonial breeding that varied with nesting density in Eared Grebes. Within each year, there was a greater rate of intraspecific brood parasitism and egg loss due to conspecifics at the higher density colony. Infanticide only occurred at high rates when nests were very densely packed, whereas relatively high rates of predation resulted when nests were quite dispersed. Thus, in spite of the distinct breeding characteristics of Eared Grebes, many disadvantages associated with density factors pertinent to seabirds also have an impact on these colonially nesting waterbirds.
Although it would appear that Eared Grebes breeding at the dense Boca Lake colony experienced the highest reproductive success, as assessed by the significantly greater number of eggs hatching, this does not take into account the high frequency of infanticide which occurred after this index was taken. If one considers the loss of chicks documented at the Boca Lake colony, then the number of chicks with which breeding pairs left the colony would likely be equal to that at the Malheur Lake colony. In addition, it is possible that the larger clutch size at the Boca Lake colony was the result of eggs laid parasitically that were not detected by our methods. Consequently, the reproductive success of individuals among all 4 colonies was roughly equivalent. In other words, nesting density influenced the particular costs that Eared Grebes encountered, but the apparent net effect of these was similar across all colonies.
Predation at Eared Grebe colonies has been reported to be infrequent, with only 1-4% of nests lost to predators, typically American Coots (McAllister 1958, Ohlendorf et al. 1989 , Boe 1993 ). This was also the pattern in the present study for those colonies characterized by moderate to high nest densities. The rate of predation at the low-density subcolony on Knox Pond, however, was about 10 times the rate witnessed at the other colonies. This difference was probably not due to greater reliance on neighbors for help in fighting off predators at the high-density colonies. We did not observe grebes mob or physically attack the larger-sized coots, although we did see breeding birds engage in threat displays. The predation differences observed might be the result of coots having an easier time traversing through low-density colonies than through densely-packed ones (SiegelCausey and Hunt 1981). However, despite examining colonies with even greater nearest neighbor distances than in the present study, Boe (1994) did not find high predation rates. This may point to a difference in the size of coot populations and subsequent variation in predation pressures between the 2 regions. Coots are abundant at the Malheur National Wildlife Refuge and, although they nest nearby grebe colonies, coots typically breed earlier than Eared Grebes (Littlefield 1990). Nevertheless, our within-lake comparison, which eliminates potential confounds due to ecological differences between 2 geographic areas, clearly suggests that nest distance mediates the likelihood of predation. In addition, there may be a threshold effect of nest distance and predation in that only when nests reach a certain maximum distance does the frequency of predation rise considerably.
It is notable that the highest predation rate in this study, which was found at the lowdensity subcolony on Knox Pond, was still lower than that reported by Ferguson and Sealy (1983) in southwestern Manitoba for the closely related, but solitary-nesting, Horned Grebe (Podiceps auritus). In their study, predation accounted for more than 50% of the total egg loss in nesting Horned Grebes. Thus, even when breeding at low densities, Eared Grebes apparently are still reaping some benefits from these breeding aggregations compared to what would be confronted if pairs nested alone. Coulson (1985) noted that the developmental rate of offspring raised by colonialnesting pairs is faster than in chicks with solitary parents. He proposed that the more rapid developmental pattern of colonial birds might provide parents greater flexibility in adjusting to fluctuations in the lengths of breeding seasons. However, we suggest that rapid growth of chicks may also be an adaptation that would decrease the time during which chicks are susceptible to the high costs of colonial breeding, such as exposure to hostile neighbors. Eared Grebes reduce this window of vulnerability more than most colonial birds by leaving the colony as soon as their chicks have hatched. Infanticide in grebes, which has not been previously documented, occurred only during the hatching period. (Although infanticide is possible when parents feed dependent young well away from the colony site after hatching, this seems improbable.) The shorter the hatching period, the less likely is infanticide. This risk period could be as short as a single day if eggs hatched synchronously, but Eared Grebes eggs hatch asynchronously, usually producing about 1 chick per day (Cramp and Simmons 1977; Hill, unpubl. data). Furthermore, it is interesting to note that the mean clutch size of Eared Grebes is much smaller than that of solitary-nesting grebes, such as Horned Grebes and Pied-billed Grebes, for which average clutch sizes range from 5.9 to 7.3 (Ferguson and Sealy 1983, Arnold 1990). This might be an adaptation to decrease the hatching span, which would reduce the risk of infanticide while still keeping future brood-reduction tactics available through asynchronous hatching.
In British Columbia, Lyon and Everding (1996) found an extremely high rate of conspecific brood parasitism in one Eared Grebe colony (68%) compared to another (14%), and they speculated that this difference was influenced by possible differences in nest density between the 2 sites. They proposed that nest density might influence the frequency of brood parasitism because, when neighbors are near, Eared Grebes are likely to spend significantly greater amounts of their time in aggression, such as threatening, chasing, and attacking conspecifics than when neighbors are farther away. This association was demonstrated in the present study. Lyon and Everding (1996) suggest that, coincident with a relatively high level of aggression and the confusion attendant with such behaviors, more opportunities may arise for a parasitic female to sneak onto a momentarily undefended nest. Alternatively, we suggest that parasitic females may also gather information about the reproductive phase of potential host nests more easily when they are closer. Breeding near a neighbor, therefore, might be an advantage or a disadvantage depending upon the particular female. For those females likely to lay parasitic eggs, there are apparent benefits to breeding close to potential hosts, whereas the opposite occurs for those likely to be the recipients of parasitic eggs. The characteristics of these parasitic-laying females await further study. It would be interesting to determine such things as whether those engaged in this activity are nesting females or floaters (Lyon 1993 ). Lyon and Everding (1996) speculate that most parasitism in Eared Grebes is the result of breeding females laying additional eggs in neighboring nests rather than a tactic employed by unpaired females.
The behavioral differences among colonies documented in the present study could have long-term ramifications which would be difficult to witness without conducting longitudinal studies on known individuals. Obviously, the greater amount of time spent defending nests at high-density colonies results in less time available for other activities. This could affect survivability and fitness (Lemon 1991 (Lemon , 1993 . Moreover, the greater stress likely to be associated with these higher rates of aggression could also influence long-term reproductive output. Future studies should attempt to examine the extent of site fidelity of Eared Grebes, especially regarding their yearly nesting distributions while simultaneously documenting their reproductive success. Notwithstanding the difficulty associated with capturing and marking grebes (Boe 1994) , the potential impact of information derived from such a study on our understanding of nesting patterns and the long-term reproductive success of Eared Grebes warrants the endeavor. 
